[1] We present new olivine-hosted melt inclusion volatile (H 2 0, C0 2 , S, Cl, F) and major element data from five historic eruptions ofNyamuragira volcano (1912, 1938, 1948, 1986, 2006). Host-olivine Mg#'s range from 71 to 84, with the exception of the 1912 sample (Mg# = 90}.lnclusion compositions extend from alkali basalts to basanite-tephritcs. Our results indicate inclusion entrapment over depths ranging from 3 to 5 km, which agree with independent estimates of magma storage depths (3-7 km) based on geophysical methods. Melt compositions derived from the 1986 and 2006 Nyamuragira tephra samples best represent pre-eruptive volatile compositions because these samples contain naturally glassy inclusions that underwent less post-entrapment modification than crystallized inclusions. Volatile concentrations of the 1986 and 2006 samples are as follows: H 2 0 ranged from 0.6 to 1.4 wt %, C0 2 from 350 to 1900 ppm, S from 1300 to 2400 ppm, Cl from 720 to 990 ppm, and F from 1500 to 2200 ppm. Based on FeOT and S data, we suggest that Nyamuragira magmas have higher f0 2 (>NNO) than MORB. We estimate the total amount of sulfur dioxide (S0 2 ) released from the 1986 (0.04 Mt) and 2006 (0.06 Mt) Nyamuragira eruptions using the petrologic method, whereby S contents in melt inclusions are scaled to erupted lava volumes. These amounts are significantly less than satellite-based S0 2 emissions for the same eruptions (1986 =-1 Mt; 2006 = -2 Mt). Potential explanations for this observation are: (1) accumulation of a vapor phase within the magmatic system that is only released during eruptions, and/or (2) syn-eruptive gas release from unerupted magma.
Introduction
[2] Volatiles in magma play a key role in the timing, magnitude, and style of volcanic eruptions [e.g., Parfitt and Wilson, 1994; Sparks, 1997; Sutton et al., 2001; Edmonds and Gerlach, 2007; Shinohara, 2008] , and can provide valuable insight into the depth and source of magma, whether the conduit is open or sealed and, potentially, the rate at which magma is erupting [e.g., Greenland et a/. , 1985; Sutton et a/., 2001] . Studies of volcanic degassing typically focus on either volatiles within the preeruptive magma or on gas emissions between or during eruptions. Here, we evaluate the dynamics of volcanic degassing through a combination of volcanic gas emissions, melt inclusion compositions, and associated erupted lava volumes. Melt inclusions arc tiny droplets of magma trapped in growing crystals that arc brought to the surface during eruption in lava flows or tephra deposits. The crystal serves as a pressure vessel, essentially preserving the original composition of the trapped magma, assuming that diffusion has not modified the composition significantly [see Gaetani and Watson, 2000; Spandler et al., 2007; Portnyagin eta/., 2008] . Olivine-hosted inclusions are often targeted since olivine is an early crystallizing phase, thus magma compositions over a range of depths (pressures) can be recorded. This allows pre-eruptive magma to be "sampled" from deep to shallow depths in the system. Pre-eruptive magma volatile concentrations derived from melt inclusion studies provide insight into crystallization processes, magma storage depths, and how volatiles contribute to magma ascent and eruption [Anderson, 1974; Devine eta/., 1984; Dunbareta/., 1989; Wallace eta/., 1999; Wallace, 200 I; Roggensack, 2001; Metrich et a/., 2004] .
[3] Volcanic gas emissions, on the other band, are typically measured via ground-or satellite-based remote sensing methods. Satellite-based techniques are particularly useful for remote or hazardous volcanoes and large eruptions, but are usually restricted to measurements of sulfur dioxide (S0 2 ), because the other dominant volcanic gases (water (H 2 0) and carbon dioxide (C0 2 )) are difficult to resolve from the atmospheric background. Here we examine the relationship between satellite-based volcanic so2 emissions measurements and so2 emissions derived from sulfur concentrations in melt inclusions coupled with magma eruption volumes.
[4] Previous studies of basaltic eruptions in hot spot-related localities such as Hawaii and Iceland have suggested that remote sensing so2 flux estimates are similar to those derived from melt inclusion S concentrations combined with erupted magma volumes (petrologic method [e.g., Gerlach eta/., 1996; Wallace, 2001; Sharma et al., 2004] ). However, for more silicic volcanic eruptions such as the 199 1 Pinatubo eruption (Philippines), and for some mafic arc volcanoes, the so2 emissions measured via satellite remote sensing often greatly exceed sulfur yields predicted from petrological data [Wallace and Gerlach, 1994; Wallace, 2001; Witter et a/., 2005] . This inequality, known as "excess sulfur," has been attributed to the presence of an exsolved vapor phase in the magma prior to eruption [Wallace, 200 I ; Shinohara, 2008] . Although explosive eruptions of silicic arc magmas are more typically associated with excess sulfur, preliminary studies of so2 emissions and lava production for effusive basaltic hot spot and rift eruptions suggest that excess sulfur emissions may also occur in nonarc settings. In this contribution, we test the hypothesis using data from Nyamuragira volcano (1. 408°S, 29.20°E; 3058 m) , located in the extensional tectonic setting of the East African Rift. We focus on Nyamuragira's S0 2 emissions, comparing satellitebased remote sensing fluxes with those derived using the petrologic technique, and show that its so2 emissions are significant and cannot be reconciled with the amount of erupted lava.
[s] Nyamuragira volcano, located in the Virunga region of the Democratic Republic of the Congo (D.R. Congo; Figure I ), is one of the most active volcanoes in Africa, with 16 effusive eruptions Head et al., manuscript in preparation, 2011) . The inset SRTM image shows the locations of volcanoes within the Virunga chain: Mu-Muhavura, S-Sabinyo, V-Visoke, Mi-Mikeno, and K-Karisimbi, as well as the NNW-SSE rift zone (dotted line), which has been linked to regional tectonic stresses. Nyamuragira eruptions since 1996 have occurred along this zone.
between 1980 and 20 I 0. Due to the difficulties of ground-based work owing to the region's adverse political climate, volcanic gas emissions from Nyamuragira have been evaluated via satellite methods [Carn and Bluth, 2003; Bluth and Carn, 2008] . Satellite-based measurements of global volcanic so2 began in 1978 with the launch of the ultraviolet (UV) Total Ozone Mapping Spectrometer (TOMS [Krueger, 1983] [Bluth and Carn, 2008] .
(6] Nyamuragira erupts low-silica, alkalic lavas, including alkali basalts, hawaiites, basanites and tephrites (Si0 2 = 43-56 wt<>/o, K 2 0 + Na20 up to 7 wt% [Aoki et al., 1985] ., 1984; Schmincke et at., 1999; Harms and Schmincke, 2000] . Investigation of sulfur behavior in less evolved alkaline magmas such as those erupting at Nyamuragira could illuminate the origin of volatiles released by these eruptions, several of which have been linked to global climate variations. Furthermore, ascertaining the connection between melt inclusion S concentrations and S emissions in alkaline magmas is important when evaluating whether melt inclusions are accurately describing the S release, as they do for many tholeiitic basaltic eruptions.
[1] Previous studies of Nyamuragira volcanic products have focused on the physical, major and trace element, and isotope characteristics of lavas and tephras [Denaeyer, l969; Pouclet, 1975; Kampunzu eta/., 1984; A old eta/., 1985; Hayashi eta/., 1992; Chakrabarti et a/. , 2009a] . Volatile studies of Nyamuragira magmas, on the other hand, are currently lacking. Here we present new volatile (H20, C0 2 , S, Cl, F) and major element data from olivinehosted melt inclusions from six Nyamuragira lava and tephra samples from five historic eruptions (1912, 1938, 1939, 1986, and 2006) . These results are then compared to so2 emissions derived from TOMS and OMI data. Given the significance of Nyamuragira to present-day global volcanic gas emissions, it is important to understand the role of volatiles in Nyamuragira's eruptions. Our work constitutes the first reported analysis of melt inclusions in magmas from an active segment of the East African Rift (EARS) system; the only other similar study known to us reported preliminary data from Turkana [Waters eta/., 2004] .
Geologic Setting and Eruption Characteristics
[s] The first volcanic activity associated with the East African Rift occurred 45 Ma in Ethiopia and propagated south to Kenya, where the rift split around the Tanzanian craton into eastern and western branches [George et a/., 1998 ]. Volcanism in the western branch began 11 Ma and its eruptive products are less voluminous, more potassic, and silica-undersaturated compared to those from the eastern branch [ Kampunzu et at. , 1998; Furman and Graham, 1999; Furman, 2007] . The western branch spans -750 miles between Lakes Albert and Malawi and can be broken up into four volcanic regions from north to south: (1) Toro-Ankole in western Uganda, (2) Virunga and (3) Kivu spanning the D.R. Congo, Rwanda, Burundi, and southern Uganda, and (4) the Rungwe in southern Tanzania [Ebinger, 1989; Furman, 1995; Rogers et al., 1998; Kampunzu eta/., 1998; Furman and Graham, 1999; Spath et al. , 2001; Ebinger and Furman, 2002; George and Rogers, 2002; Furman et a/. , 2004] .
[9] Nyamuragira and its neighboring volcano, Nyiragongo, are currently the only active volcanoes in the western branch and are part of the Virunga volcanic chain. The less active volcanoes within this chain are, from northeast to southwest, Muhavura, Sabinyo, Visoke, Karisimbi, and Mikeno (Figure 1) , with the last eruptive activity from Visoke in 1957. Nyamuragira, Muhavura, Karisimbi, and Mikeno have erupted similar lava compositions consisting of K-basanites with evolved derivatives ]. In contrast, Sabinyo has erupted silica-rich lavas (K-trachytes and latites), which are suggested to have evolved from K-basanites through crustal mixing ]. Nyiragongo produces more extreme compositions of leucite-bearing nephelinites and melilitites [Platz et a/., 2004] . Using both Nd-Sr-Pb and 238 U-23 <>rh-226 Ra-12 0pb isotopic data from Nyiragongo lavas, Chakrabarti et a/. [2009a Chakrabarti et a/. [ , 2009b suggested that Nyiragongo magmas are generated at greater mantle depths and lower degrees of partial melting than Nyamuragira. The last flank eruption from Nyiragongo occurred in 2002, and a lava lake now occupies its summit crater [Tedesco eta/., 2007] .
[10] Volcanism at Nyamuragira since 1948 has been dominated by episodic flank effusive eruptions with intervals of summit lava lake activity [ Hamaguchi and Zana, 1983) . Twenty-six eruptions have occurred over the last 62 years with an average inter-eruptive repose period of -3 years since 1980 [Burt et al., 1994) . Activity typically begins with fire fountains -200 m in height from one or more fissure vents, and most of the lava volume is issued in the early stage of the eruption. Hawaiian-type fire fountaining often changes to Strombolian-type activity later in the eruption [Ueki, 1983) 1982, 2006] ). Vents for Nyamuragira flank eruptions tend to cluster along a major line of weakness, which extends from the summit caldera (Figure 1 ). Since 1996, most eruptions have originated from this NW-SE rift zone that has been shown to align with the axis of maximum extensional strain in the region [Pouclet and Villeneuve, 1972; Kasahara, 1983; Zana, 1983; Chorowicz et al., 1987) . Geophysical data (seismicity and tilt) have been used to infer the existence of a magma chamber at a depth of -3-7 k:m beneath Nyamuragira [Hamaguchi, 1983) . An aseismic zone was found between clusters of short-period earthquakes at 0-3 km depths and long-period earthquakes at 7-16 km depths. Modeling of benchmark and tiltmeter data corroborate the location and depth of this aseismic zone, which is considered to be Nyamuragira's magma reservoir [Hamaguchi, 1983; Kasahara, 1983) . [11] Major and trace element whole rock compositions of Nyamuragira lava samples (1912, 1938, and 1948 [12] Lava and tephra samples ( Figure 1) were crushed, sieved, and handpicked for olivine crystals. The olivines were placed in ethanol and then examined under a binocular microscope to identify suitable melt inclusions. All olivine-hosted melt inclusions from the lava samples were devitrified, with the exception of one naturally glassy inclusion in the 1912 sample. The 1986 and 2006 tephra samples contained naturally glassy melt inclusions, but nothing suitable was found in the 2006 bomb sample. A total of 34 inclusions ranging in size from -15 to 150 11-m were selected for study, and 11 out of the 34 contained spherical vapor bubbles with diameters between 6 and 33 Ji-ll. An effort was made to select only melt inclusions that were fully enclosed within the olivine to minimize selection of inclusions affected by late-stage volatile loss.
Analytical Techniques
[n] Although the lava flow samples contained abundant olivine and pyroxene crystals, most melt inclusions were devitrified (crystalline) and, therefore, these inclusions were rehomogenized following the approach described by Roedder [1979, 1984] and Danyushevsk:y eta/. [2002) . We recognize that both the crystallization process and the re-homogenization processes have the potential to modify volatile composition. Rehomogenization can result in H 2 0 loss due to H diffusion upon reheating [e.g., Massare eta/., 2002] . However, we used temperatures ::;1200°C and the samples were reheated for :::;15 min. These time constraints during reheating experiments have been shown to minimize H 2 0-loss considerably [Sobolev eta/., 1983; Danyushevsky et al., 2002; Rowe et al., 2007] (see discussion in section 4.2). To estimate crystallization temperatures (maximum temperature of heating) for the re-homogenization experiments, we used the major element composition of representative olivines from each lava flow sample and the geothermometer of Roeder and Emslie [1970] . Olivines from each sample were heated to the · Geoche~istryGJ Geophys•cs Geosystems HEAD ET AL.: VOLATILE BEHAVIOR AT NYAMURAGIRA VOLCANO I 0.1029/20 II GC003699 estimated crystallization temperature ( 1150-1200°C) in a Deltech furnace with oxygen fugacity maintained at FMQ (fayalite-magnetite-quartz buffer) for no longer than 15 min following Rowe et al. [2007] . The olivines were then released into a beaker of water to quench the inclusions. Only melt inclusions from the 1912 sample did not appear to revitrify after heating and quenching, perhaps because of an inaccurate crystallization temperature estimate.
[14) Naturally glassy melt inclusions from the 1986 and 2006 tephra samples, as well as reheated 1938 and 1948 inclusions with :S50 J.Lm diameters, were prepared for SIMS analyses. Olivines were mounted in epoxy and hand polished to expose the inclusions on one side. The olivines were then removed from epoxy mounts, cleaned, mounted in indium metal, and polished for ion and electron microprobe analyses. The indium-mounted inclusions were then analyzed with the 1280 ion microprobe (H 2 0, C0 2 , S, Cl, and F) at Woods Hole Oceanographic Institution following methods described by Shaw et a/. [Is] A subset of 1938 and 1948 reheated melt inclusions, as well as the 19 12 glassy inclusion, were also analyzed for H 2 0 and C0 2 using infrared (IR) spectroscopy at the University of Oregon. Only inclusions ~50 J.Lm in diameter were analyzed because analytical uncertainties are much larger for smaller inclusions. Descriptions of sample preparation and analytical methods are given by Vigouroux et a/. [2008] and Johnson et al. [2008] . We used Dixon and Pan [ 1995) to determine the compositionally dependent molar absorption coefficients for the carbonate peaks, and we used an absorption coefficient of 63 Umol em for the fundamental 0 -H stretching vibration .
[16] Major and volatile (S, Cl, and F) element compositions of the melt inclusions, tephra glasses, and olivine host crystals were determined using the Cameca SX-100 electron microprobe at the University of Oregon and the JEOL-JXA-733 electron microprobe at the Massachusetts Institute of Technology (MIT) ( Table 2) . At the University of Oregon, a 15 kV accelerating voltage and a spot size of20 11m was used. Beam current was I 0 nA for Na, Si, K, AI, Mg, Fe, and Ca, and 50 nA for F, S, Cl, Ti, Mn, and P. The counting time was 20 s for Mn, 40 s forK, Ca, F, and Si, 60 s for Mg, AI, and P, 80 s for Na and Ti, 96 s for S, I 00 s for Cl, and 120 s for Fe.
At MIT, a 15 kV accelerating voltage, 10 nA beam intensity, and a spot size of l-10 J.Lm was used. Counting times were 5 s for Na and 40 s for all other elements. Each olivine grain was measured 3 times at variable distances from the melt inclusion to evaluate the presence of compositional zoning. We found uniform olivine compositions at all distances from the inclusion, suggesting that our olivines are not zoned.
[11] All melt inclusion data were corrected for postentrapment crystallization (PEC) of olivine along the walls of the inclusion. Equilibrium olivine was added in 0.1 wt<'/o increments to melt inclusion compositions until they were in equilibrium with their host olivine. An Fe-Mg Kd [(FeO!MgO)olivind (FeO!MgO)melt inclusion] of 0.3 was used, and we assumed that 30% of the total Fe was present as Fe 3 +. On average, 8% or less olivine was added back to the 1986 and 2006 tephra samples. For the rehomogenized samples, however, a range of -11% to II % olivine was added (Table 3) . Negative values indicate that the olivine was heated to a higher temperature than its trapping temperature during the rehomogenization process or, alternatively, large amounts of cooling between inclusion entrapment and eruption, especially for melt inclusions in highFo olivine, could have occurred [Danyushevsky eta/., 2000; Johnson eta/., 2010] . We also corrected 9 inclusions for shrinkage bubble formation to determine the amount of gas present in the bubble [see Shaw eta/., 2008] . Through this process, H 2 0 and C0 2 are added back to the mass of the inclusion. In all cases, this correction resulted in a <0.0 1 wt% change in water concentrations. Carbon dioxide corrections, on the other hand, resulted in an 11-46% change between the original and corrected values.
Results

Major and Minor Element Chemistry
(ts) The Virunga volcanoes have produced lava compositions ranging from melilitites to basanites to trachyandesites. Based on major element melt inclusion and whole rock compositions (Tables I  and 3 ), our Nyamuragira samples fall within the basanite-tephrite and alkali basalt fi elds on the total alkali versus silica diagram, and are within the range of whole rock compositions previously determined [e.g., Aoki and Yoshida, 1983; Aoki eta/., 1985; Hayashi eta/., 1992] . The major element chemistry of melt inclusions can be used for evaluating HEAD ET AL.: VOLATILE BEHAVIOR ATNYAMURAGIRA VOLCANO l0.1029/20llGC003699 processes that influence inclusion composition, such as variations caused by pre-entrapment and post-entrapment crystallization.
olivine-hosted melt inclusions to increase the likelihood of sampling primitive melt compositions. Within our data set, the highest MgO concentration (13 wt%) was found in the 1912 melt inclusion.
However, the 1912 inclusion has similar K 2 0 and higher P 2 0 5 concentrations compared to the more evolved 1986 and 2006 inclusions, suggesting that the 1912 inclusion does not represent a parental composition for the more evolved magmas. L n addition, the 1912 inclusion has significantly higher S and Cl but lower F than most of the other inclusions, despite the similar K 2 0 values. These features suggest that the 1912 inclusion was derived from a different mantle source, and it may represent a more [19] Our data show that most melt inclusions are more primitive than whole rock samples (Figure 2a) volatile-rich magma composition in the Nyamuragira system. The fact that the 1912 Rumoka eruption was unusually explosive compared to other Nyamuragira eruptions also supports a higher volatile concentration in the 1912 magma. The high S content (3700 ppm), in particular, suggests that some Nyamuragira magmas may initially be very S-rich at depth, as implied by the large so2 emissions measured from its eruptions. The Mg# (I 00 * (Figure 3b ) [e.g., Hauri, 2002; Metrich and Wallace, 2008] .
Melt Inclusion Volatile Concentrations
[22] A high C0 2 content melt inclusion should have lost minimal amounts of S, owing to the lower solubility of C0 2 relative to S. Based on the observation of relatively uniform S concentrations over a range of C0 2 values, we suggest little pre-eruptive S degassing for the 2006 eruption (Figure 3c ). The primary C0 2 contents of our Nyamuragira magmas are unknown, although there is evidence supporting alkalic magmas being initially C0 2 -rich [Spera and Bergman, 1980; Dixon, 1997] . Primary C0 2 concentrations in non-alkalic magmas at Kilauea (Hawaii) and the Michoacan-Guanajuato Volcanic Field (Mexico) are estimated to be --0.6-0.7 wr>lo; melt inclusions trapped at shallow depths in these systems record significant C0 2 loss at upper crustal pressures [Gerlach and Graeber, 1985; Wallace, 2005; Johnson et al., 2010] . If we assume that Nyamuragira magmas start off with a higher C0 2 content than the Kilauea and Michoacan-Guanajuato systems, our data also suggest strong degassing of C0 2 prior to entrapment. In addition to C0 2 , degassing of S could have occurred prior to inclusion entrapment as the magma ascended and cooled, particularly for the 1938, 1948, and 1986 inclusions ( Figure 3c ). [Metrich and Clocchiatti, 1996; Spilliaert et al., 2006; Coombs et al., 2006; Suh et al., 2008] . Melt inclusions from cinder cones around the flanks of Colima volcano (Mexico; basanite, minette) contain the largest S concentrations ( -5000 ppm) reported thus far. In comparison with MORB S concentrations (1300-1700 ppm S; PetDB), the 1938 and 1948 data are low, whereas the 1986 and 2006 data are relatively high, and the 1912 S concentration (3700 ppm) is well above the range of MORB values.
[24] Chlorine concentrations (800-1300 ppm) are significantly higher than MORB values (<150 ppm [Michael and Schilling, 1989] ), but are within the range of other alkali basalt and basanite values from Italy, Hawaii, Mt. Cameroon, and Mexico (100-2500 ppm [Spilliaert et al., 2006; Coombs et a/., 2006; Suh et a/., 2008; Vigouroux et al., 2008] [Newman and Lowenstern, 2002 OOOOr
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•Colima (basanfte) samples with the lowest Cl and F also have the lowest S in the data set, suggesting that these samples may have suffered extensive degassing.
Discussion
Melt Inclusion Entrapment Depths and Volatile Degassing
[2s] The volatile contents of Nyamuragira melt inclusions suggest that the melts have undergone variable extents of degassing. Interpreting this variation requires an assessment of the magmatic processes that occur throughout magma storage, ascent, and eruption. As magma ascends, decompression can induce both degassing and crystallization [e.g., Sisson and Layne, 1993; Roggensack, 2001 ; Couch eta/., 2003; Blundy and Cashman, 2005] . The following discussion will consider the degassing history of melts from Nyamuragira, focusing primarily on naturally glassy (rather than re-homogenized) melt inclusions from the 1912, 1986, and 2006 eruptions. We consider these samples to best represent preeruptive Nyamuragira magma compositions and hence we use them to estimate syn-eruptive S02 degassing for comparison with satellite-based so2 measurements.
[26] Estimates of melt inclusion entrapment depths using H 2 0 and C0 2 data allow crystallization and degassing to be placed within the context of magma ascent and storage. Water and C0 2 concentrations can be used to infer the depth at which melt inclusions are trapped based on experimentally determined solubility relationships and assuming that the melts were vapor saturated when they were trapped. Entrapment pressures (Table 3 ) and degassing paths are calculated using VolatileCalc [Newman and Lowenstern, 2002] (Figure 3a) .
[21] The 1986 and 2006 melt inclusion data indicate entrapment over a range of pressures from 1--1.7 kb (-3-5 km) . This is consistent with magma chamber depth estimates inferred from seismic investigations, which range from 3-7 km [Hamaguchi, 1983] . The 2006 data defme a trend that is best explained by open system degassing, whereby volatiles can escape from the melt after exsolution. The 1986 data show more scatter and do not define any coherent degassing path. Some of the variation could be explained by closed system degassing with excess exsolved gas (see Figure 3a) , but other more complex processes like open system gas fluxing [e.g., Spilliaert et a/., 2006; Johnson et al., 2008] could also account for the scatter. depth range, C0 2 exsolves while H 2 0 remains dissolved in the melt. Our data agree well with modeling studies for alkalic systems, which show that C0 2 exsolves at depths ranging from -3-6 km while H 2 0 docs not cxsolve until -1 km depth [Dix:on, 1997].
[2s] Wallace and Anderson [1998] evaluated melt inclusion H 2 0 and K 2 0 data to assess the effects of magma degassing on melt inclusion compositions prior to entrapment. On a plot of K 2 0 versus H 2 0 , an H 2 0/K 2 0 ratio ( 1.3) was established from the least degassed data, and all data below this line were interpreted as having degassed variable amounts of H 2 0 . For our samples, if we assume a constant H 2 0/K 2 0 ratio (0.6) for the initial undegassed magma (based on a line projected from the origin to the highest H 2 0 values in our data set), the 1986 and 2006 data points that fall below this line are likely to have undergone H 2 0 degassing prior to entrapment (Figure 3c ). The low H 2 0 data from the reheated inclusions are, as discussed above, likely due to either H-loss by diffusion in the lava or possibly by the reheating process itself.
[29] From S, Cl, and F concentrations plotted against Mg# ( Figure 5 ), we find that the single 191 2 inclusion is exceptionally primitive and S and Cl rich, whereas the 1986 and 2006 inclusions are more evolved but still relatively undegassed compared to the 1938 and 1948 samples. Sulfur concentrations decrease with decreasing Mg# for the 1938 , 1948 , and 1986 . This trend is consistent with simultaneous fractional crystallization and degassing. Excluding the 1912 inclusion, Cl and F data neither decrease nor increase with decreasing Mg# (Figures 5b and 5c, respectively) . Furthermore, residual Cl and F measured in the tephra glasses (800 and 1300 ppm, respectively, for the 2006 sample and 900 and 1700 ppm, respectively, for the 1986 sample) support the assumption that Cl and F do not degas significantly prior to or even during eruption. The 1912 sample has lower F and C0 2 concentrations than the rest of the data set.
.2. Sulfur Solubility in Nyamuragira Magma
[3o] In order to make robust estimates of primary melt S concentrations, we need to evaluate S solubility and determine whether Nyamuragira melts have been influenced by variable oxidation conditions. More specifically, could primary Nyamuragira magmas contain enough S to account for what is observed in S0 2 emissions? Sulfur concentrations measured in MORB glasses are typically controlled by immiscible sulfide liquid saturation [Mathez, 1976; Wallace and Carmichael, 1992] . The positive correlation between FcOT and S in basaltic glasses with relatively low oxygen fugacities is caused by the effect of FeO on S solubility. In contrast, magmas that have oxygen fugacities higher than NNO contain a substantial proportion of sulfate, which makes the total S solubility much higher than for MORB [e.g., Metrich and Wallace, 2008] . Some of our Nyamuragira data fall within the range ofMORB values that arc controlled by this sulfidesaturation field, with other points plotting both below and above the field (Figure 6 ). Thermodynamic modeling as described by Wallace and Carmichael [ 1992] can be used to estimate S solubilities atj0 2 < NNO and 1150°C for Nyamuragira magmas ( Figure 6 ). The results require that Nyamuragira data lying above the NNO solubility curve represent inclusions with j0 2 values that were higher than NNO, whereas lower values may represent melts that originally contained a higher S concentration but have degassed S prior to inclusion entrapment. An interesting outlier in our data is the 1912 inclusion, which has significantly higher S than the rest of the data set for a given FeOT. We cannot draw solid conclusions with this one data point, but it suggests that magma with even higher j0 2 may exist in the Nyamuragira system. Our S data indicate that Nyamuragira magmas commonly have a higherj0 2 than NNO, resulting in relatively high initial S contents.
[ FeOr(wt%) Figure 6 . S versus FeOT data for Nyamuragira melt inclusions and tephra glasses compared to MORB glasses. The relatively highS contents of some Nyamuragira melt inclusions requirej0 2 values > NNO. The NNO and NN0-1 lines were calculated using the method of Wallace and Carmichael [ 1992] , modified to incorporate the temperature dependence of Mavrogenes and O'Neill [1999] , for Nyamuragira magmas with a range ofFeOT contents (11-13 wt%) at 1150°C and NNO. The S solubility model is not calibrated for /0 2 higher than NNO.
and the mechanisms of S release during eruptions are poorly understood. An important aim of our study, therefore, is to compare Nyamuragira S0 2 emission estimates based on satellite data (TOMS and OMI measurements) to estimates of S0 2 released based on melt inclusion data and lava flow volume estimates (Figure 7) . We estimated the total amount of S0 2 released from Nyamuragira for the 1979 1981 1983 1965 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 
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100 1000 and 2006 eruptions lie above the lines representing the highest S concentrations, which imply that a mechanism other than syn-eruptive degassing occurred for both eruptions. Other Nyamuragira eruptions for which we have S0 2 emission estimates also plot above the highest measured S concentrations.
1986 and 2006 events using the petrologic method, whereby S contents in melt inclusions are scaled to erupted lava volumes. Lava volumes were calculated using satellite-based lava flow maps and published lava flow thicknesses (1986 = 0.063 km [Bluth and Carn, 2008] and -2 Mt for 2006). Meas ured S0 2 emissions for a number of recent Nyamuragira eruptions compared to petrologic estimates based on the melt inclusion data further illustrate this point (Figure 8 ).
[33] Errors associated with the satellite measurements are ±30% and the petrologic method has a combined error (melt inclusion S measurements and lava volume calculations) of ±22%. Using the highest melt inclusion S concentration we measured (3700 ppm; 1912) still does not resolve the discrepancy, as the satellite-based so2 measurements require as much as 5000 ppm S or more to explain the so2 emissions by syn-eruptive degassing. Although magmatic S concentrations up to 5000 ppm have been measured in melt inclusions from potassic magmas on the flanks of Colima volcano (Mexico [ Vigouroux et a/. , 2008] ), there is no evidence in the Nyamuragira melt inclusions that such high concentrations are present in primitive melts.
Degassing Mechanisms at Nyamuragira
[ 34] The origin of excess S emissions at N yamuragira can be assessed through the examination of degassing mechanisms. As the degassing process can strongly influence eruption style, we summarize Nyamuragira's recent eruptive activity and then evaluate two different degassing models that are consistent with our observations.
[3s] Nyarnuragira eruptions typically begin with fire fountaining, a gas-rich jet that propels hot lava from the vent(s) to heights of several hundred meters [Swanson eta/., 1979] . This eruption style was first documented at Kilauea (Hawaii) and is, therefore, emissions also start high and wane as the eruption proceeds [Bluth and Carn, 2008] . During the middle to late phase of some eruptions, renewed fire fountaining occurs, although fountain heights are reduced compared to the initial activity, and/or Strombolianstyle eruptions are observed (Smithsonian Institution, monthly reports, 1971 -20 I 0), consisting of large gas slugs bursting at the vent [Wilson, 1980] .
[36] For the 2006 Nyamuragira eruption, initial fire fountain heights were over 300 m, whereas the 1986 fire fountains reached a maximum height of 200-250 m [Smithsonian Institution, 2006] . SateUitebased S0 2 emissions from the 2006 eruption (-2 Mt) are significantly larger than those from the 1986 eruption (-1 Mt), and there is a larger excess S component observed for the 2006 eruption compared to the 1986 eruption. The gas plume associated with the 2006 eruption plume reached the tropopause and could be tracked for almost a week by satellites, whereas maximum plume altitudes during the 1986 eruption were -9 km [Bluth and Carn, 2008] . Higher fire fountain and plume heights, along with larger so2 emissions suggests that the 2006 eruption was more energetic than the 1986 eruption [Wilson, 1980; Wilson and Head, 1981 ; Parfitt and Wilson, 1999] .
[37] Two models of degassing can be considered to explain the eruptive behavior at Nyamuragira. First, the collapsing foam model (CF [Vergniolle and Jaupart, 1990] ) where degassing of basaltic magma results in exsolved gas bubbles rising to the roof of a reservoir, creating a foam layer. When this foam layer reaches a critical thickness, it coUapses and eruption occurs. If the collapse is instantaneous, Hawaiian-style activity results; but if there is sufficient time for bubbles to coalescence within the foam, a Strombolian eruption results. Second, the rise speed dependent model (RSD [Wilson, 1980; Wilson and Head, 1981]) where the speed at which magma ascends controls the style of eruption instead of a foam collapse. If the rise speed is high, the bubbles move with the magma, allowing a homogeneous two-phase flow until fragmentation at the surface (i.e., Hawaiian-style eruption). A slower magma rise speed would allow the bubbles to rise faster than the magma and coalesce, creating a Strombolian eruption. A decrease in gas content would not cause the style to change from Hawaiian to Strombolian, as has been postulated for the CF model. Instead, a decrease in gas content with similar rise speeds would produce an effusive lava flow regime, which has been observed at basaltic volcanoes such as Kilauea and Nyamuragira.
[38] In the first case, we determine whether the accumulation of a foam layer is possible at Nyamuragira. Based on gas solubility behavior for alkaline magmas, C0 2 would have degassed to some extent during ascent to the magma reservoir at 3-7 km [Dixon, 1997] . Our melt inclusion data show that so2 degassing continued in the magma chamber along with fractional crystallization. Hence, accumulation of exsolved volatiles could have occurred in the magma reservoir prior to eruption. We suggest that a foam layer is plausible and that the CF model could explain fragmentation processes (eruption styles) associated with Nyamuragira degassing and the large excess so2 emissions during the fire fountain phases. In the second case, the RSD model could also explain the Hawaiian fue fountaining, Strombolian activity, and transitions between the two styles observed at Nyamuragira. As evidenced by our melt inclusion data, the 2006 magma did not contain significantly higher volatile concentrations than the 1986 magma, although we recognize that variable extents of degassing could have occurred prior to melt inclusion entrapment for either eruption. However, if both magmas had the same initial gas content, an explanation for the more energetic 2006 eruption, as well as the style transitions for both eruptions, could lie in differences in magma rise speeds rather than accumulation and collapse of a foam. A difference in the timescales of gas accumulation might have also influenced the eruption styles, although there were similar repose periods prior to the 2006 (29 months) and 1986 (28 months) eruptions.
[39] Both models address the fact that exsolved gas is propeUed to the surface, often with little associated erupted magma. Reconciling the large Nyamuragira so2 emissions and disproportionate lava volumes, it is possible that some magma is degassing but not erupting. This degassed magma would then sink back into the system [A/lard et a/., 1994; Allard, 1997] . We evaluated the amount of unerupted magma that would have to degas in order to explain the apparent excess S0 2 emissions. The 1986 and 2006 eruptions would have required degassing of -1 km 3 and >2 km at Nyamuragira, the gases would have time to equilibrate with the melt, which would be reflected in volcanic gas ratios. For example, the C0 2 /S0 2 and S/Cl ratios from FTIR measurements of fire fountaining from Etna (Italy) were shown to be higher than typical Etnean emissions. The ratios indicated exsolution and storage of C0 2 and S0 2 at depth, suggesting gas accumulation. A lower C0 2 /S0 2 ratio would be indicative of syn-eruptive degassing of C02 and S0 2 [Allard eta/., 2005] .
Conclusions
[41] New volatile data from Nyamuragira melt inclusions indicate inclusion entrapment over a range of pressures (vapor saturation pressures) from <1.0-1.7 kbar (~0.1-5 km), where the greater depths inferred agree with seismically determined estimates of magma storage depth. Nyamuragira melt inclusion volatile contents show evidence of variable extents of shallow degassing, which occurred together with crystallization. The 1986 and 2006 tephra samples yielded volatile concentrations that best represent initial values for Nyamuragira magmas. For the 1986 and 2006 eruptions, S concentrations ranged from 1300 to 2400 ppm, H 2 0 from 0.6 to 1.4 wt<l/o, C0 2 from 350 to 1900 ppm, Cl from 720 to 990 ppm, and F from 1500 to 2200 ppm. The relatively high S contents of some Nyamuragira melt inclusions require higher-JD 2 values (>NNO) than MORB. Based on the melt inclusion data, the total S0 2 emissions for the 1986 and 2006 eruptions that could be produced by syn-eruptive degassing are 0.04 and 0.06 Mt, respectively, which is significantly less than satellite-derived estimates (~1 Mt for 1986 and ~2 Mt for 2006). Even when taking into account errors on the so2 emissions and melt inclusion S measurements, the magnitude of this discrepancy suggests an additional source of S for both eruptions. Variable pre-eruption gas loss, as inferred from the melt inclusion data, is consistent with a model of shallow degassing and gas accumulation, although the rise speed of the magma could also be influencing degassing and eruptive behavior at Nyamuragira. Ground-based gas composition measurements have not been possible to date due to the political climate of the region, but we stress the need for this type of data to further constrain Nyamuragira's degassing mechanisms .
